Allelic association methods based on increased transmission of marker alleles will have to be employed for the mapping of complex disease susceptibility genes. However, because the extent of association of single marker alleles with disease is a function of the relative frequency of the allele on disease-associated chromosomes versus non disease-predisposing chromosomes, the most associated marker allele in a region will not necessarily be closest to the disease locus. To overcome this problem we describe a haplotype-based approach developed for mapping of the putative type 1 diabetes susceptibility gene IDDM6. Ten microsatellite markers spanning a 550 kb segment of chromosome 18q21 in the putative IDDM6 region were genotyped in 1708 type 1 diabetic Caucasian families from seven countries. The most likely ancestral diabetogenic chromosome was reconstructed in a stepwise fashion by analysing linkage disequilibrium between a previously defined haplotype of three adjacent markers and the next marker along the chromosome. A plot of transmission from heterozygous parents to affected offspring of single marker alleles present on the ancestral chromosome versus the physical distance between them, was compared with a plot of transmission of haplotypes of groups of three adjacent markers. Analysing transmission of haplotypes largely negated apparent decreases in transmission of single marker alleles. Peak support for association of the D18S487 region with IDDM6 is P = 0.0002 (corrected P = 0.01). The results also demonstrate the utility of polymorphic microsatellite markers to trace and delineate extended and presumably ancient haplotypes in the analysis of common disease and in the search for identical-bydescent chromosome regions that carry an aetiological variant.
INTRODUCTION
Since 1994 whole genome scanning of several common multifactorial diseases (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) , including type 1 diabetes mellitus, has revealed the approximate chromosome map position of several putative susceptibility loci. In type 1 diabetes evidence for IDDM4 (11q13), IDDM5 (6q25) and IDDM8 (6q27) has been extended to a genome-wide level of significance (12, 13) . However, linkage analysis in common polygenic diseases has limited mapping resolution (14) owing both to the incomplete concordance between the presence of a disease-predisposing polymorphism and the occurrence of the disease and to the limited *To whom correspondence should be addressed. Tel: +44 1865 740014; Fax: +44 1865 742193; Email: john.todd@well.ox.ac.uk number of meioses available for study. Instead association mapping is suggested for fine mapping complex disease loci (15) (16) (17) but even the most recently developed methods apply only to rare highly penetrant mutations (18, 19) . Association-based methods have a higher resolution than linkage methods for fine mapping in families because they exploit recombination events that occur during the history of the population. However, the association of marker alleles with alleles of a disease locus is dependent on the relative frequencies of marker alleles on disease-predisposing chromosomes versus non-predisposing chromosomes, implying that a marker with a particularly high association is not necessarily the closest marker to the aetiological locus.
In general, the extent of linkage disequilibrium, or association, of a marker allele with another polymorphic locus (for example a disease locus) depends on the physical distance between the two loci (20) . The magnitude of linkage disequilibrium of marker alleles with disease should be maximal in and immediately around the disease locus. In the vicinity of the disease locus present day chromosomes will share flanking regions identical-by-descent with the ancestral disease-predisposing chromosome. This relationship has been clearly demonstrated in the cloning of candidate genes for monogenic diseases by the drawing of plots of the magnitude of linkage disequilibrium of marker alleles with disease versus the distance between them (19, (21) (22) (23) . Because of the rarity of disease alleles and the virtually complete concordance in monogenic disease between the presence of the disease-predisposing chromosome and expression of the disease phenotype, measures such as δ (p excess ) (24) are useful for quantitating the degree of linkage disequilibrium of a marker allele with disease. However, in complex disease the incomplete disease risk conferred by any single disease-predisposing allele (which is likely to be a common, normal variant which in other circumstances may act to maintain the health of the individual) makes the mapping and identification of disease predisposing loci difficult, with p excess being inappropriate (25) . In contrast, the straightforward transmission disequilibrium test (TDT) (26) is proving useful in the initial stages of fine-mapping complex disease loci (16, 25, 27, 28) . The TDT is a valid test of association in simplex families and the TDT statistic can be modified to give a valid test of association in multiplex families (Materials and Methods; 29). The presence of a disease locus is indicated by increased transmission of a marker allele to affected offspring and normal or decreased transmission to unaffected siblings.
Here, to overcome the problem of the inability to predict the frequency of a single marker allele on disease-predisposing chromosomes versus non disease-predisposing chromosomes, we present a haplotype-based approach of measuring linkage (by the TDT) with disease across a chromosome region. We analyse by the TDT transmission from heterozygous parents to diabetic children of three-marker haplotypes across a 365 kb region of chromosome 18q21 associated with the putative type 1 diabetes susceptibility locus IDDM6 (25) . This is based on the premise that a combination of three alleles on a disease-predisposing haplotype is less likely to be identical-by-state with the same three-marker haplotype on non disease-predisposing chromosomes than will single marker alleles.
RESULTS
A 650 kb contig encompassing D18S487-positive HBAC 22_d_8 (25) was assembled and microsatellite markers cloned and positioned on the contig (Materials and Methods). Markers 114, 1, 30T7, 129, 6, 129, 12, 129, 11, 49, 12 and 49, 22 (Materials and Methods) were typed in 1349 previously described type 1 diabetic families from the UK, USA, Sardinia, Norway and Denmark (Materials and Methods) (25) . Markers IO43,56, D18S487 and A181,2 had previously been typed in these families, in which haplotype 2-4-2 was positively transmitted to type 1 diabetics (25) , consistent with the presence of a type 1 diabetes susceptibility gene (IDDM6) in the vicinity. All 10 markers were also typed over an additional 51 UK, 204 Romanian and 104 Finnish simplex families (Materials and Methods; Table 1 ). To choose alleles on the ancestral diabetogenic chromosome marked by haplotype 2-4-2 at markers IO43,56-D18487-A181,2, fourmarker haplotypes were constructed between the previously defined three-marker haplotype and the new adjacent marker. Chromosomes transmitted to affected children were used for this analysis (see Materials and Methods). The allele at the new marker in strongest linkage disequilibrium with the three-marker haplotype was selected as being present on the ancestral 2-4-2 chromosome (Fig. 1) . For all markers, excepting 129,11, the decision was unambiguous. For example, starting with the 2-4-2 haplotype defined by markers IO43,56-D18S487-A181,2, fourmarker haplotypes were constructed between it and 49,12. In the UK transmitted chromosomes, the most common four-marker haplotype containing 2-4-2 was 2-4-2-2 (6.2% in diabetic children) and the next most common was 2-4-2-4 (0.6%). D′ values ( Fig. 1) (30) between the 2-4-2 haplotype and alleles 2 and 4 at 49,12 were 0.81 and -0.35, respectively. Thus allele 2 at 49,12 was selected as most likely present on the ancestral 2-4-2 diabetogenic chromosome. In only one case was there two similarly frequent four-marker haplotypes-at 129,11 where there were two equally frequent haplotypes containing 2-4-2 at markers IO43,56-D18S487-A181,2. The haplotypes were 10-2-4-2 (3.2%) and 12-2-4-2 (3.2%) with D′ values for alleles 10 and 12 of 0.38 and 0.36, respectively. Moving further centromerically along the chromosome, haplotypes containing allele 12 and allele 10 traced onto separate ancestral chromosomes, with choice of alleles as unambiguous as for the 49,12 example outlined above (Fig. 1) . In the UK transmitted chromosomes, allele 6 of 129,6 was rarely found on the same chromosome as haplotype 1-10-2 at markers 129, 56 (frequency of 6-1-10-2 was 0.1%; D′ = -0.76 between 6 and 1-10-2), and similarly, allele 2 of 129,6 was rarely found on the same chromosome as haplotype 1-12-2 of the same three-markers (frequency of 2-1-12-2 was 0.2%; D′ = -0.45 between 2 and 1-12-2). The composition of the ancestral chromosomes presented in Figure 1 was supported by examination of the frequency of the 10-marker haplotypes in the UK transmitted chromosomes. Haplotype 2-6-2-1-10-2-4-2-2-1 was present at a frequency of 1.7% (the third most common 10-marker haplotype) and 3-3-6-1-12-2-4-2-2-1 was present at a frequency of 1.5% (fourth most common). The next most frequent 10-marker haplotype containing 2-4-2 at markers IO43,56-D18S487-A181,2 was 4-3-6-1-12-2-4-2-2-1 at a frequency of 0.7% (22nd most common). Because of the significant positive transmission of allele 2 of 129,6 to diabetic children (Table 1; 344T versus 288NT, %T = 54.4, P = 0.02) and the non-significant transmission of allele 6 (397T versus 380NT, %T = 51.1, P > 0.05) it was considered most likely that the extended ancestral diabetogenic haplotype was 2-6-2-1-10-2-4-2-2-1. Markers are shown centromeric to telomeric (orientation was determined by examining the genotype of multiplex families, in which a recombination had occurred within the contig, at flanking centromeric markers D18S470 and D18S484, and telomeric markers D18S69 and AFM057xb4 (25)-there were three such families in the USA and UK affected sibpair data sets). Starting with the 2-4-2 haplotype at markers IO43,56-D18S487-A181,2, respectively (25), the most likely ancestral chromosome was reconstructed as described in the text. D′ values (30) range from 1 (complete disequilibrium) through 0 (complete equilibrium) to -1 (alleles never found on same haplotype). D′ values are shown between the telomeric three-marker haplotype and the centromeric allele between markers on the centromeric side of IO43,56, and between the centromeric three-marker haplotype and the telomeric allele between markers on the telomeric side of A181,2. For comparison, bracketed values are the D′ values for the next most common allele found on the three-marker haplotype. Haplotype 6-2-1 at markers 30T7-129,6-129,12 was only found with allele 2 at 114,1 in the UK families. P values supporting the D′ values were all <10 -10 . Arrows represent the direction, starting with the 2-4-2 haplotype at markers IO43,56-D18S487-A181,2, in which the ancestral chromosome was traced. The 2-6-2-1-10-2 and 3-3-6-1-12-2 haplotypes at the centromeric six markers are separately boxed to emphasise that alleles 10 and 12 at 129,11 trace to separate haplotypes at the centromeric three-markers.
The 2-4-2 haplotype of markers IO43,56-D18S487-A181,2 is preferentially transmitted to type 1 diabetics whereas transmission of the individual alleles varied at the three-markers (25) . To take account of this variation when plotting transmission of marker alleles to affected individuals versus the physical distance between the markers we compared the transmission of the individual alleles at each marker on the 2-6-2-1-10-2-4-2-2-1 ancestral chromosome to the transmission of haplotypes of groups of three alleles at adjacent markers (Table 2 ; Fig. 2 ). When transmission of the associated alleles was assessed individually only three were significantly transmitted to the diabetic children (Table 1) . Per cent transmission of the 10 single alleles ranged between 50.1 and 54.8 (Table 1; Fig. 2 ). When transmission of three-marker haplotypes was analysed (Table 2 ; Fig. 2 ), all eight haplotype points were significant (P ranged from 0.009 to 0.0002) with per cent transmission ranging between 55.6 and 59.7. Most notably, points with a %T near 50 on the plot drawn using single microsatellite alleles as markers (for example, allele 6 of 30T7 and allele 2 of 49,12) were increased to a %T similar to that of neighbouring markers when placed on the three-marker haplotype plot (Fig. 2) .
We tested by the TDT haplotype 1-12-2 at markers 129, 56 and haplotype 3-3-6 [to which 1-12-2 traced ( Fig. 1) ] at markers 114,1-30T7-129, 6 for increased transmission to diabetics in the total 1708 families. Data for 1-12-2 were 150T versus 107NT (%T = 58.4, P = 0.004) and for 3-3-6 were 247T versus 229NT (%T = 51.9, P > 0.05). Thus, at markers 129,12-129,11-IO43,56 both haplotypes analysed (1-10-2 and 1-12-2) were positively transmitted to type 1 diabetics at less than the 5% level of significance (%T = 56.6, P = 0.009 and %T = 58.4, P = 0.004) whereas at the centromeric markers 114,1-30T7-129,6 the only haplotype to be positively transmitted was 2-6-2 (%T = 56.4, P = 0.001), to which 1-10-2 traced (Fig. 1) . This supports our choice of 2-6-2-1-10-2-4-2-2-1 as the ancestral diabetogenic chromosome.
Transmission of the eight three-marker haplotypes was analysed to unaffected siblings of the diabetic children (Table 3) . In all cases per cent transmission was <50.4. This is independent support for true association of the 2-6-2-1-10-2-4-2-2-1 haplotype with type 1 diabetes and confirms that segregation distortion (26) is not causing increased transmission to affected children.
DISCUSSION
Previously analysis of transmission of haplotypes of threemarkers (IO43,56-D18S487-A181,2) was necessary to explain heterogeneity observed between data sets when individual microsatellite alleles were tested for linkage in the presence of association to type 1 diabetes (25) . With the aim of developing a transmission-based approach for mapping the putative type 1 diabetes susceptibility locus IDDM6, we extended the contig to 650 kb and cloned seven further markers in DNA flanking HBAC 22_d_8. Transmission of single microsatellite alleles, determined to be present on the ancestral 2-4-2 IDDM6 diabetogenic chromosome, was compared with transmission of three-marker haplotypes (Fig. 2) . The allele at each new marker present on the ancestral 2-4-2 chromosome was selected as the allele in strongest linkage disequilibrium with the previously defined three-marker haplotype (Fig. 1) . In all cases but one this choice was unambiguous. Crucially, points on the single allele plot close to 50% (neutral) transmission, when placed on the haplotype plot, had a value very similar to that of neighbouring points. This resulted in more consistent statistical support for association along the plot [P between 0.009 and 0.0002 (Table 2) ]. The peak evidence for association of the D18S487-region with a type 1 diabetes susceptibility gene (IDDM6) is P = 0.0002 (Table 2 ; transmission of haplotype 10-2-4 at markers 129,11-IO43,56-D18S487; corrected P = 0.01), extended from the previously reported P = 0.0005 (P corrected = 0.02) [see Materials and Methods (25)]. Table 1 . Transmission of individual alleles on the 2-6-2-1-10-2-4-2-2-1 ancestral diabetogenic chromosome (Fig. 1 ) from heterozygous parents to diabetic children in Caucasian data sets (n = 1708 families) T, transmitted; NT, not transmitted; %T, per cent transmission. a P = 0.02, b P = 0.02, c P = 0.002. P values for association were calculated as described in Materials and Methods. Frequency is given in the parental chromosomes.
Allele 6 of 30T7 and allele 2 of 49,12, for example, were present at a high frequency on non disease-predisposing chromosomes. When transmission of haplotypes was analysed the %T at 30T7 was 56.4 (compared with the single allele value of 50.1) and the %T at 49,12 was 55.9 (compared with the single allele value of 50.6) (Fig. 2) . Thus the regions of chromosome marked by 30T7 and 49,12 are, in fact, as transmitted as those regions at neighbouring markers (haplotype transmission at 30T7 was within 0.4% of that at 129,6 whereas single allele transmission differed by 4.3%, and haplotype transmission at 49,12 was within 0.3% of that at A181,2 with single allele transmission differing by 4.2%). Apparent decreases in transmission to a level close to 50% present in the single allele plot now do not compromise evaluation of the degree of transmission of the D18S487 chromosome region to type 1 diabetics. This is because the disease-predisposing chromosome is more precisely defined using information at flanking microsatellite markers. These results confirm that single point analyses are limited for the reason that the transmission of any particular marker is determined by the relative frequency of the ancestral allele on disease-predisposing versus non disease- predisposing chromosomes. Thus it is clear that analysis of haplotypes will be necessary for mapping IDDM6 and perhaps other complex disease susceptibility genes.
If marker 30T7 or 49,12 had initially been used [instead of D18S487 (25) ] to detect linkage disequilibrium with type 1 diabetes then the region may have been overlooked as potentially containing a type 1 diabetes susceptibility gene. To exclude a region of chromosome for linkage disequilibrium with a complex disease susceptibility gene it is therefore advisable to genotype multiple appropriately polymorphic markers at as high a density as possible and analyse the transmission of haplotypes assembled from these markers. Using markers at a high density will facilitate the tracing of the ancestral disease chromosome(s) across the region. Here we analysed 10 microsatellite markers at an average density of one every 65 kb in the cloned DNA.
When choosing the allele at a new marker most likely to be present on the ancestral 2-4-2 diabetogenic chromosome linkage disequilibrium was assessed between the previously defined three-marker haplotype and allele(s) at the new marker (Fig. 1) . Doing this minimises the risk of selecting the incorrect allele and also takes account of possible allelic heterogeneity at the putative disease locus-only one ancestral diabetogenic haplotype was traced. However there are potential ambiguities owing to mutation at microsatellite markers. At 129,11 it was possible to choose two alleles (10 or 12) . Allele 12 was present on a 3-3-6-1-12-2-4-2-2-1 ancestral chromosome, and allele 10 was present on a 2-6-2-1-10-2-4-2-2-1 ancestral chromosome (Fig.  1) . The three-marker haplotype containing allele 12 of 129,11 (1-12-2) was transmitted at a similar rate to 1-10-2 (%T of 58.4, P = 0.004 and of 56.6, P = 0.009, respectively). A possible explanation for this is that either allele 10 or 12 at 129,11 was on the ancestral 2-4-2 diabetogenic chromosome and that the observed split at 129,11 ( Fig. 1) is due to microsatellite mutation (either from allele 10 to 12 or from allele 12 to 10) after the occurrence of the IDDM6 mutation marked by the 2-4-2 chromosome. This could be tested by the typing of single nucleotide polymorphisms (SNPs) within 10-20 kb of 129,11-if the split at 129,11 was due to mutation then alleles 10 and 12 should be contained on a largely similar haplotype of SNPs.
At the centromeric three-markers the haplotype to which allele 10 at 129,11 traces (2-6-2; Fig. 1 ) is positively transmitted to type 1 diabetics (%T = 56.4, P = 0.001) whereas that to which allele 12 at 129,11 traces (3-3-6) is not (%T = 51.1, P > 0.05). A likely explanation for this is the occurrence of an ancient recombination event between 129,11 and 129,6, with the diabetes susceptibility gene remaining in linkage disequilibrium with the 2-6-2 haplotype at the centromeric markers. The exact position of the recombination could also be revealed by the genotyping of SNPs between 129,11 and 129,6-the two chromosomes (Fig. 1) should share a haplotype on the telomeric side of the recombination, but not on the centromeric side. If this is the case then it could be hypothesised that the putative susceptibility locus is on the telomeric side of the recombination. Exploitation of such ancestral recombination events is important for fine-mapping of polygenes (31, 32) . Our results also prove the utility of moderately polymorphic microsatellite markers in identifying and characterising ancestral and ancient haplotypes and potential regions of identity-by-descent across extended chromosome regions. For these microsatellites, their mutation rate is not confounding.
The haplotype-based approach presented here has been useful for analysing the involvement of the D18S487 chromosome 18q21 region in disease and may be useful in the analysis of other regions in complex disease. For example, a plot of extent of linkage disequilibrium versus physical distance in the IDDM2 region (11p15) defined a maximal region of 4.1 kb, including the INS-VNTR, as containing the diabetes predisposing locus (33) . In that study (33) the allele of the HUMTH01 microsatellite locus (9 kb upstream of INS) with the highest statistic for association was chosen. However, when the HUMTH01 microsatellite allele in strongest linkage disequilibrium with the susceptible class I alleles of the INS-VNTR is chosen then the region containing IDDM2 is not 4.1 kb but is at least 9.1 kb (34) and so the extent of the associated region is yet to be defined. If our haplotypebased approach had been used the correct allele at HUMTH01 would have been chosen as the most frequent allele on the ancestral predisposing chromsome.
MATERIALS AND METHODS

Diabetic families
All families used in this study were Caucasian with at least one affected sibling per family and both parents included. The UK data set consisted of 399 multiplex families, 80 simplex families from the Yorkshire region, 32 simplex families from the South-West region (all described in ref. 25 ) and a further 51 simplex families where all cases were diagnosed under the age of 5 years (35) . 189 US multiplex families were obtained from the Human Biological Data Interchange (36), the 181 Sardinian families (comprising 175 simplex and six multiplex families) and 420 Norwegian families (comprising 380 simplex and 40 multiplex families) are described in ref. 25 , and the 48 Danish Table 2 . Transmission of three-marker haplotypes along the 2-6-2-1-10-2-4-2-2-1 ancestral diabetogenic chromosome (Fig. 1) a P values for association of haplotypes were calculated as described in Materials and Methods. Frequency is given in the parental chromosomes. multiplex families are described elsewhere (37) . The Finnish data set comprised 104 simplex families and all cases were diagnosed under the age of 15 years (38) and the Romanian data set comprised 204 simplex families with all cases diagnosed under the age of 30 years. Healthy siblings were collected in all data sets, excepting those from Denmark and the South-West of the UK.
Physical mapping, microsatellite marker isolation and genotyping
Further clones flanking D18S487 positive HBAC 22_d_8 (25) were isolated by first cloning the 22_d_8 insert end sequences using vectorette PCR and designing a sequence-tagged site PCR reaction (39) . Flanking HBAC and HPAC clones were then isolated from libraries obtained from Research Genetics, Inc. until a 650 kb contig was assembled. Microsatellite markers were cloned from the HBACs and HPACs using a previously described PCR-based method (25) Genotyping PCRs using fluorescently labelled primers were performed and analysed as described previously (40) . For explanation of haplotypes, see Table 2 . Healthy siblings were not collected in the South-West UK and Danish data sets (Materials and Methods).
Analysis of linkage disequilibrium
Transmission of single microsatellite marker alleles and threemarker haplotypes was assessed from heterozygous parents to both affected and unaffected offspring using the transmission disequilibrium test (TDT) (26, 41) . Extent of transmission of an allele or haplotype was quantitated by per cent transmission (%T = number of times an allele or haplotype was transmitted from heterozygous parents divided by the total of transmissions plus non-transmissions from heterozygous parents, expressed as a percentage) where %T = 50 represents the expected 50% transmission under the null hypothesis of no association between the marker allele and disease. The test statistic is a χ 2 (1 df) statistic and thus there is an assumption of complete independence between meioses. To take account of the lack of independence (owing to linkage) between siblings in multiplex families and obtain a valid estimate of association, the statistic (T sp ) described by Martin et al. (29) was used. The T sp (χ 2 with 1 df) focuses on a set of transmissions from a heterozygous parent to children, rather than transmissions to individual children, which is preferable to the strategy of discarding a significant amount of available data by analysing transmission to probands only. For comparative purposes the T sp for allele 2 of A181,2 was calculated for the families analysed in ref. 25 (P = 0.0005). Because the λ s value for this region of 18q21 is close to 1.0 [λ s = 1.11 (25) ], as expected these T sp values are almost identical to TDT χ 2 values obtained by analysing transmission to both siblings. For reconstructing the most likely ancestral diabetogenic chromosome, D′ values (30) were calculated using chromosomes transmitted to affected children. This was to guard against the possibility that, if the disease allele was rare, the ancestral diabetogenic haplotype might not be that contributing most strongly to intermarker linkage disequilibrium in the parental chromosomes. The D′ value was calculated between the threemarker haplotype and the allele of the next marker. Individual P values for transmission of haplotypes do not have to be corrected for number of haplotypes tested owing to the linkage disequilibrium between the separate points along the plot (Fig. 1 ).
The maximal P value for association of the D18S487 region with type 1 diabetes [that for transmission of haplotype 10-2-4 at markers 129,11-IO43,56-D18S487 (Table 2) ] was Bonferroni corrected by a factor of two for the additional ancestral chromosome tested (the 3-3-6 haplotype at markers 114, 1-30T7-129,6 ) and for the multiple tests done previously (a further factor of 36; see ref. 25) , to give an experiment-wide P value.
